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The adenovirus death protein (ADP) is expressed at late times during a lytic infection of species C adenoviruses. ADP promotes
the release of progeny virus by accelerating the lysis and death of the host cell. Since some human lymphocytes survive while
maintaining a persistent infection with species C adenovirus, we compared ADP expression in these cells with ADP expression in
lymphocytes that proceed with a lytic infection. Levels of ADP were low in KE37 and BJAB cells, which support a persistent in-
fection. In contrast, levels of ADP mRNA and protein were higher in Jurkat cells, which proceed with a lytic infection. Epithelial
cells infected with an ADP-overexpressing virus died more quickly than epithelial cells infected with an ADP-deleted virus. How-
ever, KE37, and BJAB cells remained viable after infection with the ADP-overexpressing virus. Although the levels of ADP
mRNA increased in KE37 and BJAB cells infected with the ADP-overexpressing virus, the fraction of cells with detectable ADP
was unchanged, suggesting that the control of ADP expression differs between epithelial and lymphocytic cells. When infected
with an ADP-deleted adenovirus, Jurkat cells survived and maintained viral DNA for greater than 1 month. These findings are
consistent with the notion that the level of ADP expression determines whether lymphocytic cells proceed with a lytic or a persis-

tent adenovirus infection.

pecies C human adenoviruses (HAdV) (types 1, 2, 5, and 6)

commonly infect the upper respiratory and gastrointestinal
tracts. Species C adenoviruses usually cause mild disease in hu-
mans but are responsible for more-severe disease in immunocom-
promised individuals (1). Typically, infection of epithelial cells
results in a lytic infection with release of newly synthesized virions
and the death of infected cells after a few days (2, 3). Following a
primary infection in children, species C adenoviruses enter a per-
sistent stage during which infectious virus can be intermittently
detected in the stool after virus is no longer detected in the naso-
pharyngeal cavity (4). Species C adenoviruses can also establish
persistent and latent infections in human lymphocytes of the ton-
sil and adenoids (5-7). Based on these and other reports, infection
with species C adenoviruses appears to be a two-step process char-
acterized by acute replication in epithelial cells, followed by per-
sistent infection of lymphocytes. Most studies characterizing the
virus life cycle in vitro have been performed with epithelial cells.

In contrast to the lytic infection seen in epithelial cells, an ad-
enovirus infection of human lymphocytes can follow a very differ-
ent course. Species C genomes can be detected in lymphocytes of
the tonsil and adenoids in 85% of children between 1 and 15 years
of age (6). Species C adenoviruses can establish persistent and
latent infections in human lymphocytes, as well as in some lym-
phocyte cell lines (8). Virus was found to persistently infect lym-
phocytes while the AdV genome was maintained as an episome in
the absence of detectable infectious virus (4, 6). Infectious virus
and viral transcripts could be detected when patient-derived lym-
phocytes were stimulated in vitro (7). Zhang et al. (8) modeled
adenovirus latency in lymphocyte cell lines. Those authors iden-
tified several human lymphocyte cell lines in which the viral ge-
nome could be detected up to a year after infection whereas de-
tectable expression of viral late proteins was lost shortly after
initial infection. The mechanism of long-term viral genome main-
tenance is unknown. The kinetics of viral gene expression also
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appear to occur much slower in lymphocytes than in epithelial
cells (9). Moreover, infection of epithelial cells proceeds rapidly
and is lytic, whereas infection of lymphocytes is often not lytic to
the cells (9-13).

The function of adenoviral proteins and the pattern of viral
gene expression during a lytic infection have been well character-
ized in epithelial cells (14, 15). Broadly speaking, early viral genes
are expressed before the viral DNA genome replicates and are
designated by an “E.” Late genes are expressed after viral DNA
replication and encode virion structural proteins. It should be
noted that the temporal pattern of expression of a given gene is not
strictly determined. The 11.6-kDa adenovirus death protein
(ADP) is encoded by early region 3 (E3) of the genome but is
expressed most abundantly during the late stages of infection from
the major late promoter. ADP promotes lysis of the infected cell
after progeny virus production, presumably to facilitate virion
release and dissemination concomitant with the death of the
cell (2).

Human lymphocytic cell lines have been identified in which an
adenovirus infection proceeds with markedly different outcomes.
Jurkat cells enter a productive, lytic infection resembling that ob-
served in epithelial cells (8). In contrast, BJAB and KE37 cells
establish a long-term persistent infection (8). Epithelial cells,
which are lytically infected, express high levels of ADP, and it
seems likely that cells in which the virus persists would need to
prevent ADP expression and the accompanying cell lysis to main-
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tain persistence. However, nothing is known about ADP expres-
sion in infected lymphocytes. In this study, we hypothesized that
ADP expression plays a role in determining whether infected lym-
phocytes enter the lytic or persistent pathway. Results described
here indicate that low-level expression of ADP may indeed permit
establishment of a persistent infection. Furthermore, results of
this study demonstrate that the dynamics of ADP expression differ
greatly between infected epithelial cells and infected lymphocytes.

MATERIALS AND METHODS

Cell lines. Cell culture media, supplements, and fetal bovine sera were
obtained from Mediatech, Inc. (Manassas, VA). A549 lung carcinoma
epithelial cells (ATCC CCL-185; American Type Culture Collection, Ma-
nassas, VA) were maintained as confluent monolayer cultures in Dul-
becco-modified Eagle’s minimal essential medium (DMEM) supple-
mented with 10% fetal bovine serum and 10 mM glutamine and
incubated at 37°C in a humidified atmosphere containing 8% CO,. The
Burkitts lymphoma B-cell line (BJAB) and Jurkat T-cell lines were also
obtained from the ATCC and maintained as suspension cultures in RPMI
1640 medium (RPMI) supplemented with 10% fetal bovine serum and 10
mM glutamine. The KE37 cell line (an immature T-cell acute lymphoblas-
tic leukemia [ALL]) was purchased from the German Collection of Mi-
croorganisms and Cell Cultures. These cells were maintained by incubat-
ing at 37°C in a humidified atmosphere containing 5% CO,.

Viruses. The wild-type (WT) virus used in this study is wt300, which is
atype 5 adenovirus kindly provided by Tom Shenk (Princeton University)
that served as the parent for the mutant viruses studied here. Some studies
used the phenotypically wild-type virus dI309, which lacks a portion of E3
region (10.4K, 14.5K, and 14.7K) that has been shown to be dispensable
for growth in tissue culture (16). w300 and dI309 direct comparable levels
of ADP expression and are designated ADP-WT in this report. The ADP-
mutant virus pm534 (ADP-) was constructed by converting the methio-
nine codons at position 34 and 42 to nonsense codons. Any truncated
protein derived by initiation at subsequent methionine codons would be
unable to incorporate into membranes and is expected to be nonfunc-
tional (17). No truncated forms of the ADP have been detected with this
mutant. The VRX-021 virus, which overexpresses ADP (ADP++), was
constructed as described in reference 18 with a shuttle plasmid providing
the E3 region that is a hybrid between VRX-006 and VRX-007. The closely
related viruses VRX-006 and VRX-007 were described in reference 17.
Epithelial cells were plated 24 h before infection and subsequently infected
with a multiplicity of infection (MOI) of 10 to 20 infectious units (IU) per
cell in serum-free medium. IU levels were determined by a fluorescent-
focus-forming assay of infected HeLa cells using a primary antibody (Ab)
specific for the E1A proteins. After 2 h, complete medium was added to
the cells. For infection of lymphocytes, cells were seeded at least 24 h
before infection at a density of 1 X 10° cells per ml. Cells were infected
with 100 IU per cell and incubated for 2 h at 37°C. For experiments
utilizing “spin infections,” cells were infected with 50 IU per cell and
centrifuged at room temperature for 45 min at 1,000 X g. Cells were then
incubated at 37°C for 75 min. Following incubation with the virus, the
nonadsorbed virus was then washed from the infected cells three times
with serum-free medium. Cells were then returned to culture in complete
medium at a density of 5 X 10 cells per ml.

RT-PCR analysis of ADP expression. RNA was purified from the
infected cells using an RNA Miniprep kit from Qiagen (catalogno.74104).
A 500-ng volume of total RNA was reverse transcribed using a DyNAmo
c¢DNA synthesis kit (Thermo Fisher) according to manufacturer’s instruc-
tions using a Bio-Rad Thermocycler. Quantitative PCR (qPCR) of the
c¢DNA was then performed in duplicate 25-pl reaction mixtures contain-
ing 2X DyNAmo SYBR green master mix (Thermo Fisher), 10 mM (each)
forward and reverse primers, and RNase-free water. A minus-reverse
transcriptase (RT) negative-control sample was included in quantitative
RT-PCR (qRT-PCR) experiments for detection of contaminating DNA.
The primers designed for qPCR of the HAdV-C5 ADP were placed in the
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coding region for the ADP exon (forward primer, 5'-CCGGACTTACAT
CTACCACAAA-3' [nucleotides 29516 to 29537]; reverse primer, 5'-CA
AACATAAGCGCTATGGAGAAC-3' [nucleotides 29620 to 29598] [ac-
cession number M73260.1]). Hypoxanthine phosphoribosyltransferase 1
(HPRT1) mRNA was found to remain invariant among mock- and ade-
novirus-infected lymphocytes in previous experiments and was used as an
endogenous control. The primers used for HPRT1 were 5'-TGG ACA
GGA CTG AAC GTC TTG-3" and 5'CCA GCA GGT CAG CAA AGA
ATT TA-3'. All primers were purchased from Integrated DNA Technol-
ogies, Coralville, TA. Cycling conditions were as follows: 15 min at 95°C
and 30 cycles of 10 s at 95°C, 30 s at 50°C, and 30 s at 72°C followed by a
1%-increase melting curve gradient from 60°C to 95°C. Relative gene
expression levels were determined using the threshold cycle (C;) values
for each reaction and using the AAC;. method for comparing the relative
values of gene expression (19).

Intracellular staining and flow cytometry. Infected cells were har-
vested at the indicated times postinfection (pi) and washed with ice-cold
phosphate-buffered saline (PBS). The cells were then fixed in the dark
with 1% paraformaldehyde obtained from Affymetrix Inc. (catalog no.
19943) and incubated at room temperature for 30 min. The fixed cells
were then resuspended in 0.2% Tween 20—-PBS (permeabilization buffer)
at a density of 10° cells per ml for 15 min at room temperature. This was
followed by centrifugation at 1,500 rpm for 5 min at 20°C. The cells were
then incubated at room temperature for 30 min with blocking buffer (PBS
with 2% bovine serum albumin [BSA]). The cells were centrifuged and
resuspended in cell staining buffer obtained from BioLegend (catalog no.
420201). Cell staining buffer contains bovine calf serum and 0.09% so-
dium azide. The monoclonal antibody (MAD) specific to adenovirus
hexon (Chemicon MADb 8051) was used at 10 pg per ml in cell staining
buffer. The monoclonal antibody (clone 45.16.4, unknown IgG subclass)
to ADP was generated with mice that were immunized with a conjugated
peptide corresponding to the HAdV-C5 ADP C-terminal sequence
(amino acids 79 to 93). Hybridomas were produced and tested by indirect
immunofluorescence. Positive hybridomas were subcloned twice. The
concentrated cell culture supernatant fluid containing the monoclonal
antibody was used at a 1:50 dilution. Purified mouse IgG1 (BD Pharmi-
gen, catalog no. 557273) was used at 20 g per ml in cell staining buffer as
an isotype control for hexon staining. After incubation with the primary
antibody, cells were stained with a fluorescently labeled secondary anti-
body that was either allophycocyanin (APC)- or fluorescein isothiocya-
nate (FITC)-labeled goat IgG raised against whole-mouse IgG (H+L)
(Life Technologies, catalog no. A-865, F-2761) and used at 20 pg per ml.
Cells were washed and resuspended in 0.6 ml of cell staining buffer and
acquired by flow cytometry on a BD Fortessa cell analyzer using FACSdiva
software.

Trypan blue dye exclusion assay. The viability of A549, BJAB, Jurkat,
and KE37 cells was measured by the exclusion of trypan blue dye as de-
scribed in reference 2 using a Countess automated cell counter (Invitro-
gen). A 20-pl volume of cells was diluted with an equal volume of 0.4%
trypan blue dye. These experiments were conducted several times with
similar results. The data shown represent the averages of the results of
several repeat experiments, with error bars representing the standard de-
viations (SD).

RESULTS

Persistently infected lymphocytes show low levels of ADP. Spe-
cies C adenoviruses typically establish a lytic infection in human
epithelial cells and produce progeny virus as soon as 12 h postin-
fection (hpi). During such a lytic infection, cell proliferation
ceases and the infected cells die within a few days (2). In contrast,
several human lymphocytic cell lines support persistent infections
with species C adenoviruses such as the wild-type HAdV-C5 viral
strain dI309 (8). Persistently infected BJAB and Ramos cells (B-cell
origin) and KE37 cells (T-cell origin) proliferated at the same rate
as noninfected cells. Some persistently infected lymphocytic cells
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maintained the viral genome for over a year in culture (8). How-
ever, not all lymphocytic cells support a persistent infection; Jur-
kat T cells stopped dividing and declined in viability as early as 3
days after infection (8). Thus, infection of Jurkat cells appears to
lead to a lytic infection that is similar to infection of epithelial cells.

Because ADP affects cell viability, we compared ADP expres-
sion in persistently infected cells (KE37 and BJAB) with that in
Iytically infected cells (A549 and Jurkat cells). The expression of
ADP and a representative late gene (hexon) was evaluated by in-
tracellular staining and flow cytometry in cells that were infected
with wild-type HAdV-C5 (dI309) (Fig. 1). Hexon expression was
detected in approximately 80% of A549 and Jurkat cells 1 day
postinfection (dpi) and in a similar fraction of BJAB and KE37
cells between 3 and 8 dpi. ADP expression, however, was markedly
reduced in the persistently infected cells compared to lytically in-
fected cells. In epithelial A549 cells serving as a control, ADP ex-
pression was detected in the same fraction of cells as hexon expres-
sion. Although the fraction of Jurkat cells positive for ADP was less
than the fraction positive for hexon, at least 40% of the Jurkat cells
contained detectable levels of ADP on days 1, 3, and 5 postinfec-
tion. In contrast, less than 15% of the KE37 cells and less than 20%
of the BJAB cells expressed detectable levels of ADP at any time
postinfection (Fig. 1, black bars). We note that, as previously pub-
lished (8, 9), lymphocytic cells require a greater virus inoculum to
achieve a level of infection comparable to epithelial cell infection
as determined by hexon staining. Although the time courses of
hexon gene expression differed among the lytically and persis-
tently infected cells, all cells were well infected and able to direct
expression of a representative late gene. This variable time course
in late gene expression is evident in the representative flow cytom-
etry analysis of hexon expression (Fig. 1B to D). Five days postin-
fection, hexon protein was detected in 87% of Jurkat cells (Fig.
1B). At this same time postinfection, we detected hexon in 72%
and 63% of KE37 and BJAB cells, respectively. There was some
variability in the kinetics of hexon expression between experimen-
tal infections of these lymphocytic cell lines; however, it was quite
typical for the highest levels of hexon to be detected in BJAB and
KE37 cells several days after maximal expression occurred in Jur-
kat cells infected at the same time (Fig. 1C and D). Hexon expres-
sion typically peaked in Jurkat cells within the first few days of
infection and was quite high as early as 1 dpi (92%; Fig. 1B).
Although both Jurkat and KE37 cells are of T-cell lineage, very
little hexon expression could be detected 1 dpi in KE37 cells (13%;
Fig. 1C). A similar variation in the timing of ADP expression
among the lymphocytic cells was observed. Even though ADP
expression was always detected in a fraction of each lymphocytic
cell line that was smaller than the fraction of hexon-positive cells,
the fraction of ADP-positive cells was always proportionally
greater in Jurkat cells than in either KE37 or BJAB cells. Interest-
ingly, the intensity of ADP staining per ADP-positive cell was
higher in KE37 cells than in BJAB cells (Fig. 1C and D; bottom
panels). KE37 cells appeared to include a population of cells that
stained nearly as intensely as A549 cells, which were analyzed in
the same experiment as the BJAB cells to serve as a positive control
(Fig. 1D). These results show that expression of the ADP gene
determined by antibody staining and flow cytometry is markedly
reduced compared to expression of the late hexon gene in both cell
lines that support a persistent adenovirus infection.

Changes in the viability of infected A549, Jurkat, KE37, and
BJAB cells were evaluated by trypan blue dye exclusion (Fig. 2).
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FIG 1 Expression levels of ADP and the hexon protein differ among cells that
sustain a persistent or lytic adenovirus infection. (A) Hexon and ADP levels
were determined on the indicated days by flow cytometric analysis of A549,
Jurkat, BJAB, and KE37 cells infected with the phenotypically wild-type virus
dI309. Lung epithelial tumor cells (A549) were infected with the wild-type
virus dI309 ata multiplicity of infection of 20 IU per cell. The lymphocytic cells
(Jurkat, KE37, and BJAB) were infected at a multiplicity of infection of 100 IU
per cell to achieve similar fractions of infected cells as judged by hexon stain-
ing. Monoclonal antibodies specific for ADP or hexon, followed by a fluores-
cently labeled secondary antibody, were used to stain cells intracellularly. The
data are representative of three experiments with similar results. (B to D) Flow
cytometry dot plots from a separate experiment are shown for infected Jurkat
(B), KE37 (C), and BJAB (D) cells on the indicated dpi. Mock-infected cells
and cells stained with an isotype control antibody were used as negative con-
trols. The gate for hexon expression was based on the isotype control antibody
stain remaining below 5%. The gate for ADP expression was based on mock-
infected cell staining remaining below 5%. As a positive control for ADP stain-
ing, A549 cells were infected with the wild-type virus and analyzed 1 dpi, with
the results shown in the double-boxed plot. The y axis denotes cell side scatter.

Mock-infected cells remained viable (>95%) over the course of
the experiment. Representative data for mock-infected viability
are shown only for A549 cells. Infected A549 epithelial cells dis-
played the typical cytopathic effect by rounding and detaching
from the substrate within 2 dpi (data not shown). After 4 dpi, most
A549 cells were fully detached and more than half were nonviable.
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FIG 2 Lymphocytic cells that support a persistent infection remain viable
after infection with HAdV-C5. A549 cells were infected with the wild-type
virus dI309 at a multiplicity of infection of 20 IU per cell. Jurkat, KE37, and
BJAB cells were infected at a multiplicity of infection of 100 IU per cell. Cell
viability was measured over the course of 10 days by trypan blue dye exclusion.
The dotted line indicates the lower limit of detection. Error bars represent the
SD of results from replicates across several different experiments.

By 7 dpi, over 95% of the infected A549 cells had died. A similar
decrease in cell viability was observed in the infected Jurkat cells.
Jurkat cell proliferation ceased after 1 dpi (data not shown), and
by 3 dpi, 20% of the cells were dead. Approximately 60% of the
infected Jurkat cells died by 7 dpi, with only cellular debris present
after that time. The results shown in Fig. 1 indicate that the frac-
tion of Jurkat cells expressing ADP was less than the fraction of
A549 cells (see Fig. 1); however, both A549 and Jurkat cells died
following infection (Fig. 2). As previously reported, both KE37
cells and BJAB cells remained viable and continued to proliferate
during the course of the 10-day experiment. In these studies, ex-
pression of ADP appeared to be inversely correlated with cell sur-
vival and the ability to establish a persistent infection.

We measured levels of the predominant ADP mRNA by quan-
titative real-time PCR after reverse transcription in order to de-
termine if the amount of ADP measured by antibody staining
correlated with the level of ADP mRNA. Total RNA was isolated
from infected A549, Jurkat, KE37, and BJAB cells at various times
postinfection. ADP mRNA levels were quantified with the use of
primers placed in the coding region of the ADP gene and normal-
ized with respect to an invariant, abundant gene, HPRT1. These
values were further normalized to the minimal level of ADP
mRNA in the lymphocytic cells, which was measured in KE37 cells
5 dpi. Results are expressed as relative changes across the infected
cell types in Fig. 3. ADP mRNA was not detected in mock-infected
cells, and the PCR primers did not detect signal in samples lacking
reverse transcriptase (not shown). The highest levels of ADP
mRNA were observed in the lytically infected A549 and Jurkat
cells. In replicate experiments, the levels of ADP mRNA in A549
and Jurkat cells were comparable between 1 and 3 dpi. The sub-
stantial increase in ADP mRNA levels between 6 and 18 hpi in the
A549 cells is consistent with the expression of ADP as a late gene
from the major late promoter. Jurkat cells, which contained the
largest fraction of ADP-positive cells among the lymphocytic cell

906 jvi.asm.org

100 o Asag Yurket
° B[]
3 L BJAB
2 10 B
& 7
A KE3
o
a
<<
g1
£
Q
m ’*
0.1 L]
cc2 35 357 357
°w

Time post-infection (hours/days)

FIG 3 Lymphocytic cells that support a persistent infection contain lower
levels of ADP mRNA than cells that support a lytic infection. A549 cells were
infected with the wild-type virus dI309 at a multiplicity of infection of 20 IU per
cell. Jurkat, KE37, and BJAB cells were infected at a multiplicity of infection of
50 IU per cell using the spin infection method (Materials and Methods). Total
cellular RNA was isolated from 3 X 10° cells at the indicated times after infec-
tion, and the levels of the viral ADP mRNA and cellular HPRT mRNA were
quantified by real-time PCR after reverse transcription. The results were nor-
malized within each preparation to the abundant HPRT transcript as an en-
dogenous cellular gene whose expression was unchanged following infection.
The results were further normalized to the level of ADP mRNA measured in
KE37 cells at 5 dpi, which was set to 1. Error bars represent the SD of results
from technical replicates of a representative experiment.

lines, also expressed the largest amount of ADP mRNA among the
lymphocytic cell lines at similar times (Fig. 3). Jurkat cells were not
analyzed at 7 dpi because of the considerable cell death at this time.
Although levels of ADP protein appeared low in both KE37 and
BJAB cells, ADP mRNA was not absent from either of these cells.
Because the levels of ADP mRNA appeared similar between A549
and Jurkat cells at late times of infection but the fraction of cells
with detectable ADP was lower in Jurkat cells, these results appear
to indicate that the expression of ADP in lymphocytes is not
strictly controlled by the level of mRNA.

Rates of cell killing in A549 cells correspond to different lev-
els of ADP expression. To examine the impact of ADP expression
on the survival of infected lymphocytes more closely, mutant ad-
enoviruses that either lack ADP (pm534, identified here as ADP-)
(17) or overexpress ADP (VRX-021, identified here as ADP++)
(18) were analyzed. Initially, A549 cells were mock infected or
infected with the indicated viruses and harvested and levels of
hexon and ADP determined (Fig. 4A). Greater than 80% of the
infected A549 cells contained detectable levels of hexon protein
following infection with each virus. As expected, no ADP protein
(<5%) could be detected in mock-infected cells or cells infected
with the ADP deletion mutant virus (Fig. 4A, Mock and ADP-).
ADP-positive cells were readily detected among A549 cells in-
fected with the ADP-WT virus (Fig. 4A, wild-type) or ADP-over-
expressing virus (Fig. 4A, ADP++). On a per cell basis, the mean
fluorescent intensity (MFI) indicated that approximately 3-fold
more ADP was present in cells infected with the ADP-overex-
pressing virus (MFI of 379) than in cells infected with ADP-WT
(MFI of 113). The viruses VRX-006 and VRX-007, which are
closely related to VRX-021, directed the synthesis of an excess of
ADP similar to that seen with the wild-type virus as measured by
immunoblotting in A549 cells analyzed at 24 and 36 hpi (17).

The viability of A549 cells infected with the different ADP-
expressing viruses was evaluated over time (Fig. 4B). Mock-in-
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FIG 4 Adenovirus variants direct the accumulation of ADP to differing levels
and kill A549 cells at different rates. A549 epithelial cells were mock infected or
infected with HAdV-C5 variants that differ in their ability to express ADP. The
virus pm534 contains two nonsense mutations that prevent ADP expression
(ADP-). VRX-021 overexpresses the ADP gene (ADP+ +). The phenotypically
wild-type virus dI309 expresses normal levels of ADP. (A) Cells were infected
with the indicated viruses at a multiplicity of infection of 20 IU per cell, har-
vested after 48 h, fixed, and processed for intracellular staining of the hexon
and ADP proteins. The stained cells were analyzed by flow cytometry where the
indicated gates identifying positively stained cells were compared to those
identifying mock-infected cells. The y axis denotes cell side scatter. MFI =
mean fluorescence intensity. (B) A549 cells infected with the indicated viruses
at a multiplicity of infection of 20 IU per cell were evaluated for viability by
trypan blue dye exclusion over the course of 10 days following infection with
the indicated viruses. Results from a representative experiment are shown.

fected cells remained viable through the experiment, with de-
creased viability due to overcrowding noted at 10 dpi. In contrast,
the infected cells ceased proliferating shortly after infection (data
not shown). As expected, cells infected with the ADP-deleted virus
remained viable for the longest time, with cell death observed only
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after 5 dpi. The wild-type virus killed A549 cells at the expected
rate, with approximately 20% dead cells at 5 dpi. In contrast, the
ADP-overexpressing virus killed A549 cells much sooner and at a
greater rate. By 7 dpi, virtually no viable cells were detected fol-
lowing infection with the ADP-overexpressing virus. Thus, in the
epithelial A549 cell line, the level of ADP expression correlated
with the rate of cell killing.

The survival of lymphocytes able to sustain a persistent in-
fection is not affected by infection with an ADP-overexpressing
virus. Lymphocytic cells known to establish persistent infections
were infected with the dI309 (wild-type) or VRX-021 (ADP++)
virus, and cell viability was determined on 1, 3, 7, and 10 dpi (Fig.
5A). The genotype of the infecting virus had no impact on the
viability of the infected KE37 or BJAB cells. In replicate experi-
ments, both KE37 and BJAB cells remained viable (85% to 95%)
over the course of the infection. Additionally, the viability of these
cells infected with the ADP-deletion virus pm534 did not increase
(data not shown). The failure to detect a change in cell viability
after infection of KE37 or BJAB cells with the ADP-overexpressing
virus may reflect a limited increase in ADP protein expression
directed by the ADP+ + virus in these cells. In this regard, the
percentage of ADP++ virus-infected BJAB and KE37 cells ex-
pressing ADP remained low (Fig. 5B) and this remained true even
when hexon expression could be detected in over 90% of the in-
fected cells (Fig. 5B; BJAB). To increase the efficiency of infection
of KE37 cells, we performed additional experiments using the spin
infection method (Materials and Methods). KE37 and BJAB cells
infected by this method were analyzed at 3 and 5 dpi, respectively.
Hexon expression was detected in over 70% of infected KE37 cells
and over 90% of infected BJAB cells (Fig. 5C and D, respectively).
Nonetheless, only a small fraction of cells infected with wild-type
virus contained detectable levels of ADP (<5%). Under these in-
fection conditions, the fraction of ADP-positive cells infected with
the ADP+ + virus increased over that seen in wild-type virus-
infected cells; however, these values (14% of KE37 cells and 10%
of BJAB cells) remained much lower than the fraction of hexon-
positive cells at that time postinfection. It should be noted that the
gating strategy used for ADP expression in these experiments was
based on ADP- virus-infected cells remaining below 5% positive
for ADP. In contrast, the ADP expression depicted in Fig. 1 (which
did not include the ADP- virus) was based on mock-infected cells
remaining below 5% and resulted in more-inclusive gating for
what was considered the ADP-positive population of cells. Curi-
ously, ADP expression directed by the ADP+ + virus did not in-
crease cell death in either KE37 or BJAB cells as it did in the
ADP+ + virus-infected A549 cells (Fig. 4). These results suggest
the possibility that the expression of ADP and its ability to pro-
mote cell death proceed by mechanisms in A549 cells different
from those in lymphocytic cells.

ADP transcript levels in lymphocytes infected with the ADP-
overexpressing virus were quantified and compared to levels mea-
sured in wild-type virus-infected cells. As seen with the wild-type
virus, A549 epithelial cells and Jurkat T cells that were infected
with VRX-021 (ADP+ +) contained the greatest amount of ADP
mRNA at late times postinfection (Fig. 6A). Also as seen before,
KE37 and BJAB cells typically contained less ADP mRNA than
Jurkat cells on any given day postinfection. Interestingly, all cells
infected with the ADP-overexpressing virus contained between
20- and 100-fold more ADP mRNA than cells infected with the
wild-type virus (Fig. 6B). This substantial increase in ADP mRNA
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postinfection with 50 IU of virus per cell. Error bars represent the SD of results from replicates performed on at least three different days. (B) On the indicated
days postinfection, KE37 and BJAB cells were harvested, fixed, and processed for intracellular staining of the hexon and ADP proteins as described in Materials
and Methods. The dotted line indicates the limited of detection, set by cells infected with the ADP- virus. (C and D) Representative flow cytometry dot plots from
a separate experiment are shown for infected KE37 cells (C) and BJAB cells (D) on the indicated day after spin infection with each virus. Cells stained with an
isotype control antibody were used as negative controls for hexon staining. The gate for ADP expression was based on that of cells infected with the ADP- virus
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908 jvi.asm.org Journal of Virology


http://jvi.asm.org

>
-
o

w

3 A549 Jurkat
7 E3 BJAB
émo . KE37
o] ]
3 - /?7
% 10 o
£ 3 7
3 ]
a ]
s 14
= 3
kS 3 7
[0]
° ]
0.1 LI WA
c<c2 35 357 357
© o

Time post-infection (hours/days)

B asao
(10x) | ]

Jurkat [ ]
(30x) | ]

KE37 J <
(60x)

BJAB
(56x)

l T TTT lllll 1§ &FE IIII
0.1 1 10 100
Fold increase in ADP mRNA over wild-type

FIG 6 Levels of ADP mRNA are greater in cells infected with the ADP-over-
expressing virus than in cells infected with the wild-type ADP-expressing vi-
rus. A549 cells were infected with the ADP-overexpressing virus VRX-021 ata
multiplicity of infection of 20 IU per cell. Lymphocytic cells were infected with
50 IU per cell of VRX-021 using the spin infection method (Materials and
Methods). The levels of mRNA for HPRT and ADP were quantified as de-
scribed in the legend for Fig. 3. (A) Total RNA was isolated from equal num-
bers of cells at the indicated day or hour postinfection. HPRT and ADP mRNA
levels were quantified and normalized as described in the legend to Fig. 3. The
relative amounts of ADP mRNA are shown in reference to the relative amount
observed in KE37 cells 5 dpi with the wild-type virus. Error bars represent the
SD of results from technical replicates of a representative experiment. (B) The
level of ADP mRNA in VRX-021-infected cells was expressed as a fold increase
(log,q scale) over the amount of ADP mRNA measured in wild-type virus-
infected cells on the same day. The geometric mean of the fold change is shown
in parentheses. In this panel, A549 cells were analyzed at 18 hpi and 2 dpi,
Jurkat cells at 3 and 5 dpi, and KE37 and BJAB cells on 3, 5, and 7 dpi; the
earliest times are represented by the upper bar.

was greater than the observed increase in levels of ADP protein at
comparable times postinfection. This result suggests that the
ADP++ virus is able to direct increased accumulation of ADP
mRNA in both epithelial and lymphocytic cells but that the frac-
tion of cells containing detectable levels of ADP protein remains
low (<20%) in the lymphocytic cells that can be persistently in-
fected.

Deletion of ADP converts a lytic infection to a persistent in-
fection phenotype in lymphocytes. Jurkat cells were infected with
viruses that express ADP to differing levels, and cell viability was
measured 1, 3, 7, and 10 dpi. Jurkat cells infected with the wild-
type or ADP-overexpressing (ADP+ +) viruses were dead by 10
dpi. We saw no difference in the rates of cell death for cells infected
with the wild-type and ADP-overexpressing virus in replicate ex-
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(VRX++). (A) Cell viability was determined by trypan blue dye exclusion at
the indicated days postinfection. Error bars represent the SD of results from
replicates of at least three experiments. (B) The expression of hexon and ADP
was determined by flow cytometry as described previously. The dotted lines
indicate the limits of detection, set by cells infected with the ADP- virus.

periments. In contrast, Jurkat cells infected with the ADP-deletion
mutant pm534 (ADP-) remained viable (Fig. 7A). Immunostain-
ing for hexon and ADP confirmed that the cells were productively
infected by each virus (Fig. 7B). As before, the fraction of ADP-
positive cells identified by flow cytometry was less than the hexon-
positive fraction. However, these values were greater than the
ADP-positive fraction measured in either BJAB or KE37 cells in-
fected with the same viruses (see Fig. 5). Notably, ADP expression
was detected in approximately 50% of Jurkat cells infected with
either the wild-type virus or ADP++ virus (Fig. 7B). The Jurkat
T-cell line infected with the ADP- virus contained a remarkably
high percentage of viable cells (>70%) at 10 dpi. Additionally,
these infected cells continued to proliferate in culture for at least
45 days (data not shown). Indeed, after 33 days, high levels of viral
DNA remained in these cells (4.2 X 10° viral genomes per 10’
cells), suggesting that the virus did indeed persist in these cells.
These results suggest that the ability of adenovirus to establish a
lytic infection in the Jurkat cell line requires ADP expression. To-
gether with the low level of ADP expression observed in the per-
sistently infected lymphocytic cells, these data suggest that down-
regulation of ADP expression can convert a lytic infection in
lymphocytes to a persistent infection.

DISCUSSION

Species C adenoviruses typically proceed with a lytic infection in
human cells of epithelial or fibroblast origin. The lysis and death of
lytically infected cells are accelerated by the adenovirus death pro-
tein (ADP) (2, 20). However, species C adenoviruses are also able
to infect some lymphocytic and macrophage cell lines without
proceeding through a lytic infection (11, 13, 21, 22). We recently
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found that adenovirus types 2 and 5 are able to persist in several
lymphocytic cell lines for over a year in culture (8). Moreover,
species C adenoviruses appear to persist in T cells recovered from
the adenoids and tonsils removed from children (6). The mecha-
nism that allows adenovirus to persist in these cells remains un-
known. This study explored the role of ADP in determining
whether infected lymphocytes enter the lytic or persistent path-
way. We found that reduced expression of ADP permitted the
establishment of a persistent infection.

KE37 and BJAB cells are lymphocytic cells that support a per-
sistent adenoviral infection. During a persistent infection, these
cells maintain the viral genome and divide at the same rate as
noninfected cells (8). We reasoned that expression of the death-
promoting ADP must be limited in order for the persistently in-
fected cells to survive. Accordingly, ADP was detected in a smaller
fraction of KE37 and BJAB cells than in the Jurkat T-cell line and
A549 epithelial cell line, both of which support a lytic infection.
The frequency of ADP-positive cells (<20%) was much lower
than the frequency of hexon-positive cells (80%) in the cell lines
that support a persistent infection. The difference in ADP-positive
and hexon-positive cells was less substantial for Jurkat cells (50%
ADP-positive cells versus 90% hexon-positive cells) and nonexis-
tent for A549 cells, both of which support a lytic infection (Fig. 1).
Because BJAB and KE37 cells contained less ADP mRNA than
Jurkat or A549 cells (Fig. 3), the absence of ADP detected by in-
tracellular staining and flow cytometry may have been due in part
to thelow level of ADP mRNA. However, even though the levels of
ADP mRNA in Jurkat and A549 cells were similar, fewer ADP-
positive Jurkat cells were detected than hexon-positive cells. Con-
sequently, other mechanisms must account for the apparent
absence of ADP-positive lymphocytic cells. For example, the
steady-state level of ADP protein can be regulated by posttran-
scriptional means. ADP is N- and O-glycosylated (23) and palmi-
toylated on the C terminus (24). ADP variants with mutations in
the lumenal domain were found to be unstable or no longer able to
accelerate cell lysis (25). It is possible, therefore, that lymphocyte
cell-specific modifications that perturb the localization or stability
of ADP impair the function of the protein. Alternatively, a cell
type-specific modification or cellular factor could mask the ADP
epitope recognized by the monoclonal antibody used in this study.
It should be noted, however, that this epitope is not present in the
ADP of Ad2 and Adé6. The apparent lack of selective pressure to
conserve this sequence implies that it is unlikely to participate in
the binding of a key regulatory protein. Nonetheless, it is conceiv-
able that either of these mechanisms could impair the function of
the ADP protein in the lymphocytic cell.

We tested directly the hypothesis that ADP levels are relevant
to the establishment or maintenance of a persistent infection us-
ing viruses that either overexpressed or failed to express ADP. In
accordance with published studies (17, 26), the rate of epithelial
cell killing correlated directly with the level of ADP. In A549 cells,
increased cell death was associated with a 2- to 3-fold increase in
ADP protein levels as determined by antibody staining (Fig. 4).
Although we measured increases in levels of both mRNA (Fig. 6)
and protein in KE37 and BJAB cells infected with the ADP++
virus, no increase in cell death was detected (Fig. 5A). This sug-
gests either that the levels of ADP were not sufficient to induce cell
death or that the death-promoting activity of ADP is inhibited in
these cells.

While the increased level of ADP expression achieved here
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failed to convert a persistent infection of some lymphocyte cells
into a lytic infection, the absence of ADP expression from the
infecting virus converted Jurkat cells from lytic to persistent infec-
tion. Jurkat cells infected with the wild-type virus died within 7 to
10 days, while Jurkat cells infected with the ADP-null virus sur-
vived in culture for more than 40 days. Greater than 80% of these
cells expressed hexon shortly after infection. Additionally, these
persistently infected Jurkat cells maintained a high level of viral
DNA (more than 4 X 108 genomes per 10 total cells) for over 1
month after the initial infection. These results indicate that down-
regulation of ADP could allow the virus to persist in some cells
that typically exhibit a lytic infection phenotype. Because A549
cells did not become persistently infected with the ADP-deleted
virus, it seems likely that additional factors contribute to the
switch between a lytic infection and a persistent infection. It will
be of interest to determine if this molecular decision can occur in
cells other than those of lymphocytic origin. Additional experi-
ments should determine if latently infected cells can be reactivated
without ADP expression. By this means, infectious virus could be
formed in a cell with the potential to persist and traffic and spread
to distal locations.

In epithelial cells, ADP facilitates the efficient release of prog-
eny virions without affecting the final yield of progeny virus (2,
20). Because the impact of ADP on virus yield from infected lym-
phocytes has not been described, we compared the yields of virus
among Jurkat and KE37 lymphocytic cells as well as A549 epithe-
lial cells that were infected with the three ADP variant viruses
studied here. Although the yields of virus differed between the cell
types, we found that ADP expression had no impact on the total
virus yield from a given cell type (data not shown). Our experi-
ments are consistent with the suggestion that this property of ADP
occurs similarly in lymphocytes and epithelial cells and that ADP
expression does not impact the total yield of progeny virus. Exper-
iments measuring extracellular virus are under way to determine if
ADP impacts the virus released from infected lymphocytes in a
manner similar to that seen with epithelial cells. It would be of
interest to determine the nature of any signals that can overcome
the restraint imposed on ADP expression, as these signals would
trigger the release of infectious virus and may play an important
role in the reactivation and spread of the virus.

Viral infection can lead to either the lytic death of the cell or the
long-term survival of the persistently or latently infected cell. Vi-
ruses that establish latent or persistent infections typically express
products that suppress programmed cell death. The alphaherpes-
viruses can be cytolytic in epithelial cells while being noncytolytic
in sensory neurons in which a latent infection is established (27).
The latency-associated transcript (LAT) of herpes simplex virus
promotes survival of the infected neurons by many potential
mechanisms, including the suppression of apoptosis (28, 29) and
contribution of regulatory small RNA molecules that restrict viral
gene expression (30, 31). Although varicella-zoster virus does not
encode a homolog to the LAT, this virus expresses the ORF63
protein that provides an antiapoptotic function in neuronal cells
(32). The adenovirus E1B-19K protein is a potent anti-apoptotic
Bcl-2 homolog (33) that can suppress cell death (34). However, in
the studies reported here, the presence of the E1B-19K protein did
not prevent death promoted by ADP.

Our studies suggest that downregulated expression of the ADP
may contribute to the switch from a lytic to a persistent adenovi-
rus infection. This may be the first report describing the regulated
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expression of a death-promoting viral gene as a mechanism of
establishing persistence. Nonetheless, other viruses that establish
long-term infections could proceed by a similar mechanism. For
example, hepatitis C (HCV) virus establishes a chronic infection
in the liver. Viral persistence is due in part to the ability of this
virus to defeat host immune mechanisms (35). However, the p7
protein of HCV is a death-promoting viral product (36) that in-
duces apoptosis in the Huh7.5 liver cell line. Lymphoid cells,
which have been suggested to be a reservoir of HCV (37), can
support a persistent HCV infection (38). Intriguingly, peripheral
memory B cells were reported to resist HCV-induced apoptosis
(39). Perhaps downregulation of the p7 protein in cells of lym-
phoid origin contributes to the persistence of HCV in these cells.
Parvovirus B19 is another example of a virus whose pathogenic
nature stems from its ability to replicate in and destroy erythroid
precursor cells (40). The 11-kDa nonstructural protein of B19 was
shown to contribute to apoptosis in these cells (41). In contrast,
the frequent detection of B19 DNA in the skin (42) and other
tissue samples from solid organs (43) of healthy individuals sug-
gests that the virus may be able to persist in other cells or tissue. It
remains to be determined if cell type-specific differences in the
patterns of B19 gene expression contribute to the persistence of
this virus in certain tissues.

Although we were able to convert a lytic viral infection of Jur-
kat cells into a persistent infection by eliminating ADP expression,
we were unable to convert a persistent infection of KE37 cells into
a lytic infection by overexpressing ADP. Because lymphocytes in-
fected with the ADP-overexpressing virus accumulated signifi-
cantly more ADP mRNA but showed only a small increase in the
fraction of infected cells with detectable ADP, we view these re-
sults as inconclusive. It will be necessary to impose higher levels of
ADP expression in order to determine if persistently infected lym-
phocytes can be converted to a lytic infection by this means. This
may prove to be an experimental challenge because ADP expres-
sion may be regulated differently in epithelial cells and lympho-
cytes. The mechanisms underlying this differential regulation re-
main unknown and are under investigation. Altered expression of
viral genes between lymphocytes and epithelial cells has been re-
ported previously (9). Although delayed expression of both early
and late genes was seen among infected lymphocytes by McNees et
al., the selective reduction of a single viral gene over other viral
genes was not observed, making the regulation of ADP expression
in lymphocytes unique among the adenoviral genes thus evalu-
ated. It was noted that certain adenoviral gene promoters are sen-
sitive to T-cell activation signals (44). It will be interesting to see if
these activation signals also affect ADP expression at the level of
transcription or at a posttranscriptional step during reactivation
of persistently infected cells. Given the unique interaction of ad-
enoviruses with lymphocytes, it is important to fully understand
the dynamics of adenoviral infections in lymphocytes.
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